Abstract-Computer-assisted surgical (CAS) planning tools are available for craniofacial surgery but are usually based on computer-aided design (CAD) tools that lack the ability to detect the collision of virtual objects (i.e., fractured bone segments). We developed a CAS system featuring a sense of touch (haptic) that enables surgeons to physically interact with individual, patient-specific anatomy and immerse in a threedimensional virtual environment. In this study, we evaluated initial user experience with our novel system compared to an existing CAD system. Ten surgery resident trainees received a brief verbal introduction to both the haptic and CAD systems. Users simulated mandibular fracture reduction in three clinical cases within a 15 min time limit for each system and completed a questionnaire to assess their subjective experience. We compared standard landmarks and linear and angular measurements between the simulated results and the actual surgical outcome and found that haptic simulation results were not significantly different from actual postoperative outcomes. In contrast, CAD results significantly differed from both the haptic simulation and actual postoperative results. In addition to enabling a more accurate fracture repair, the haptic system provided a better user experience than the CAD system in terms of intuitiveness and self-reported quality of repair.
INTRODUCTION
Craniofacial injuries are a common occurrence in both civilian and combat trauma. The 2014 annual report from the National Trauma Data Bank database revealed that nearly 24 percent of injuries affect the face [1] . Prior to 1970, motor vehicle accidents were the most frequent cause of facial injuries in the United States. Since then, the number of violence-, job-, and sports-related injuries as well as self-inflicted injuries has risen, contributing to a fairly constant number of facial injuries, despite a decrease in motor vehicle accident-related facial trauma [2] [3] . In military operations, an evolving pattern of injuries has been noted in Operation Enduring Freedom (OEF) and Operation Iraqi Freedom (OIF). As a result of the effective protection of the torso and skull by Kevlar body armor, the face (below the helmet), the neck, and the limbs account for the majority of injuries [4] [5] . One study showed that 21 percent of all battle-injury casualties in OEF and OIF presented with injuries involving the head and neck region [6] . The incidence is reportedly even higher when patients with intracranial neurosurgical injuries and primary ophthalmic injuries are included. In another study, 39 percent of all battle-injury soldiers in OIF II presented with injuries involving the head, face, and neck region [7] .
Despite the large and consistent need for craniofacial trauma surgery in both civilian and military settings, it remains one of the most challenging surgical endeavors. With the complex anatomy of the head and neck, the critical functional requirements of the mouth and airway, and the high visibility of the face, even small errors in bone alignment can have major consequences. Thus, successful craniofacial surgeries require precise preoperative diagnostics and planning.
In recent years, virtual computer-assisted surgical (CAS) systems have led to a paradigm shift in surgical planning for patients and training of surgeons [8] . These virtual surgical tools can be used to simulate bone cutting, to remove and move bone segments, and to allow limited prediction of soft tissue changes [9] . Using threedimensional (3-D) anatomical information of traumatic craniofacial injuries from diagnostic computed tomography (CT) imaging, an accurate virtual model of an individual patient can be reconstructed and used for CAS simulation in various applications, including treatment planning, procedure rehearsal, education, and biomechanical loading and stress distribution simulation [10] . These CAS programs enable various treatment alternatives to be simulated and transferred into the operating room using CT-based surgical navigation [11] .
Despite the progress in virtual surgical planning, the currently used systems are usually based on computeraided design (CAD) tools with a "windows, icons, menus, pointer" interface of drop-down menus, which insufficiently represent the 3-D and tactile experience of surgery and lack the ability to detect the collision of virtual objects (i.e., fractured bone segments). To achieve both these functions, a haptic (force-feedback) interface could be employed to enable physical contact between the computer and the user through an input/output device; thus, surgeons could train on the procedure by getting tactile feedback whenever virtual bone fragments collided.
We developed a 3-D computational platform that enables surgeons to physically interact with individual, patient-specific anatomy and immerse in a 3-D virtual environment. Our system utilizes high-fidelity haptic devices with six degrees-of-freedom (6-DOF) to allow realistic rehearsal and planning of craniofacial reconstructive surgeries similar to the actual surgery. In this study, using a mandibular fracture model, we compared the user experience of our newly developed haptic system with a known CAD system. We hypothesized that (1) surgery resident trainees would find the haptic system easier and more intuitive to use than the CAD software tool, and (2) the results of the haptic system would more closely resemble the actual surgical outcome than the CAD system simulations.
METHODS
We selected a well-known CAD system, Maya (Autodesk Inc; San Rafael, California), that allows the user to manipulate virtual objects on the computer monitor through the use of a mouse and keyboard. Maya can enable the manipulation of virtual objects (i.e., irregular pieces of fractured bone) and allow the user to position the fragments as desired. We compared Maya to our newly developed haptic system, which allows force-feedback interaction, including collision detection, with Sensable's Phantom Omni haptic devices (now sold as Geomagic Touch, 3D Systems; Rock Hill, South Carolina). Our system allows the user to manipulate individual bone segments or lock and unlock up to three joined segments to move multisegment units. The virtual bone segments can be rotated with ease, allowing visualization and assessment of the fracture reduction from multiple points of view (Figure 1) .
Study Design and Sample
Participants consisted of 10 volunteers who completed testing and surveys with minimal risk. Inclusion criteria were resident trainee status in either an oral/maxillofacial surgery residency program (n = 8) or a plastic surgery residency program (n = 2) and no prior experience with either our new haptic system or the Maya CAD system. Eight resident surgeons were male and two were female. The average age was 31.5 yr. The time of postgraduate surgical training ranged from 1 to 6 yr, with an average of 4.5 yr.
The mandible fracture cases presented to each study participant were derived from actual preoperative CT scans from three different patients treated at the San Francisco Department of Veterans Affairs Health Care System by one of the authors (RS). Each of the CT scans was deidentified, and the radiographic data was segmented so that each fractured segment could be manipulated separately. The CT-derived cranial base image was featured for each case to allow the surgery resident to have a fixed point of reference. Case 1 was a denate patient with a right mandibular body fracture. Case 2 was an edentulous patient with a right parasymphyseal fracture and a left angle fracture (Figure 2) . Case 3 was an edentulous patient with a bilateral mandibular body fracture with a small defect of missing bone on the left side. Each actual patient underwent postoperative imaging with a CT scan following fracture repair.
Each surgeon received 5 min of verbal instruction on both the Maya software and our haptic system. Following this, the surgeons were presented with the three mandibular fracture cases and asked to manipulate the virtual bone fragments to achieve reduction of the fracture(s). Each study subject was allowed to work for 15 min for each of the three cases for both the CAD and the haptic system. The order of the cases and the order of whether the CAD or the haptic system was used first were randomized. The outcome measures were (1) accuracy of virtual fracture repair compared with actual postoperative results and (2) quality of the user experience.
Data Collection Methods

Standard Landmarks and Measurements
We compared the virtual repairs with the actual postoperative result using radiographic landmarks [12] . Standardized mandibular measurements were recorded using Prism 6.0 (GraphPad; San Diego, California) after all 10 users completed their surgical simulations of the three fracture cases using both systems. Reconstructive hardware, consisting of bone plates and screws, were digitally removed in the actual postoperative CT scans.
The following standard anatomic landmarks and linear and angular measurements were utilized to compare virtual mandibular fracture repairs with the actual postoperative outcomes for each of the three cases as previously described [13] : 1. Anatomic mandibular landmarks:
• Gonion (angle of the mandible).
• Condyle lateral (lateral aspect of the mandibular condyle).
• Coronoid process (tip of the mandibular coronoid process).
• Mental foramen (exit point of the mental nerve at the lateral mandibular body).
• Gnathion (most outward point on the profile curvature of the chin). 2. Linear and angular measurements based on these landmarks:
• Mandibular angle left/right (MAL/MAR) (angle between gnathion, gonion, lateral condyle).
• Mandibular length left/right (MLL/MLR) (summed distance between gnathion, mental foramen, gonion).
• Coronoid width (CW) (distance between coronoid process tips).
• Gonion width (GW) (distance between gonions).
• Lateral condyle width (LCW) (distance between lateral condyles).
User Study Questionnaire
Following the completion of the study (three fracture cases completed using both systems), each study subject completed an online questionnaire designed to assess his or her previous experience using haptic devices, CAD software, and video games. We also assessed the users' experience with the haptic system and the CAD system. Answers were graded on a 5-point Likert scale (Table) . 
Table.
User questionnaire. The order of the cases and the order of whether the computer-aided design (CAD) or the haptic system was used first were randomized for all study subjects (N = 10). 
Statistical Analysis
Mean and standard deviation (SD) were computed for each of the mandibular measurements for each of the three patients; measures with zero SD (corresponding to segments of the mandible that were not fractured) were excluded. Actual postoperative measurements were used as the control values, and these were compared to the means of the same values for the CAD-and hapticsimulated results using repeated measures one-way analysis of variance. The difference for each measurement was recorded in millimeters or degrees as appropriate. Paired t-tests were then used to compare CAD-and haptic-simulated measures to actual postoperative measures and CAD-simulated to haptic-simulated measures. Significance was determined as p < 0.05.
RESULTS
Comparison of Virtual Repairs with Actual Postoperative Results Using Standard Landmarks
To analyze the fractured segments of the mandible across the three patients, we included a total of 19 measurements encompassing the following landmarks (described in detail previously): MAR, MLR, CW, GW, and LCW for the first patient; MAL, MAR, MLL, MLR, CW, GW, and LCW for the second patient; and MAL, MAR, MLL, MLR, CW, GW, and LCW for the third patient. For each of these 19 measurements, we compared the mean postsimulated repair values for the 10 participants to their equivalent postsurgical values using paired t-tests. Interestingly, we found that the mean of these measurements did not differ significantly between the virtual haptic-simulated repair (mean = 104.50, SD = 12.29) and the surgical repair (mean = 104.92, SD = 13.08; t(18) = 0.83, p = 0.42), whereas there was a significant difference between the virtual CADsimulated repair (mean = 102.78, SD = 12.76) and the surgical repair (t(18) = 2.64, p = 0.02). The mean of all measurements was also significantly different between the haptic-and CAD-simulated repairs (t(18) = 3.09, p = 0.006) (Figure 3) .
We next compared the average absolute value of the differences between the 19 postoperative measurements and their equivalent haptic and CAD measurements using paired t-tests. We found that the mean difference of the CAD measurements from the surgical values (mean = 3.16, SD = 2.5) was significantly greater than the mean difference of the haptic simulation measurements from the surgical values (mean = 1.79, SD = 3.16), in millimeters There is a significant difference between the CAD-simulated repair and the postsurgical measurement.
or degrees (t(18) = 2.41, p = 0.03). There was also more consistency in the measurements between users for the haptic-simulated repairs than for the CAD-simulated repairs, with a mean SD (determined by calculating the mean SD for each subject's three cases and then calculating the mean SD of all 10 study subjects together for each program) of 2.94 for haptic users and 5.01 for CAD users (t(18) = 4.87, p ≤ 0.001).
User Experience Questionnaire
Following the simulation task, the surgery trainees were asked to complete a questionnaire. We first assessed their previous experience with similar systems. Most users (7 of 10) had never used any haptic or CAD system before. For the other three users, one had prior experience with both haptic and CAD devices, one had prior experience with only CAD programs, and one had prior experience with only haptic systems. The user who had previously used both haptic and CAD systems also frequently played video games, whereas the others rarely (8) or never (1) played video games.
We next evaluated the surgeons' experience with the haptic and CAD systems in this study. The majority of the users (6 of 10) thought that the quality of the haptic fracture reduction was better than the CAD fracture reduction, three thought the fracture reductions were equally good, and one thought the CAD repair was better than the haptic fracture reduction. All participants felt that the haptic force feedback was helpful.
To compare the user experience between the CAD and haptic systems, we conducted paired t-tests for the 5-point Likert scale answers to the questionnaire. Scores for self-reported quality of repair were significantly higher for the haptic system (mean = 3.9, SD = 0.57) than the CAD system (mean = 2.9, SD = 1.10; t(9) = 2.37, p = 0.04). Similarly, users rated the intuitiveness of the haptic system (mean = 4.6, SD = 0.52) significantly higher than that of the CAD system (mean = 3.1, SD = 0.99; t(9) = 4.03, p = 0.003). Users on average also felt less frustrated and more comfortable using the haptic system (mean = 2.6, SD = 0.97; mean = 4.0, SD = 0.94) than the CAD system (mean = 3.4, SD = 1.35; mean = 3.2, SD = 1.32), though these differences were not significant (t(9) = 1.81, p = 0.10; t(9) = 1.71, p = 0.12). There was no significant difference between the number of views used in the CAD (mean = 4.3, SD = 1.34) versus the haptic system (mean = 4.0, SD = 1.33; t(9) = 0.54, p = 0.6) (Figure 4) . Self-reported user experience with the haptic system compared with the computer-aided design (CAD) system. A higher score is better for the elements "quality of repair," "intuitiveness of program," and "comfort with program." A lower score is better for "number of views used" and "frustration level." * Significant at p < 0.05. ** Significant at p < 0.01.
We also evaluated whether there were any effects of the order in which the systems were used. There was a higher self-reported intuitiveness of the CAD system for participants who used the haptic system first (mean = 3.8, SD = 0.84) than those who started with the CAD system (mean = 2.4, SD = 0.55; t(8) = 3.13, p = 0.01). None of the other self-reported measures were significantly affected by the order of the programs used.
DISCUSSION
There is a growing demand for patient-specific approaches to complex surgical interventions. Reconstructive craniofacial surgical planning would benefit from the continued development of virtual modeling and simulation environments for surgical planning and education because of the complexity of the anatomy and the visibility and functionality of the face. The benefits of being able to virtually plan craniofacial trauma surgery in the immediate preoperative period are multifold. The surgeon gains preoperative familiarity with the patient's unique bony morphology and the configuration of the fracture segments. Possible surgical solutions can be actively explored, and the surgeon can plan ahead for the type and configuration of the fracture hardware that may be needed in surgery, such as bone plates and screws. Enhanced insight into how the fractured segments fit together would logically lead to improved surgeon confidence and perhaps shorter operating time and/or improved results.
In this study, we tested our newly developed visuohaptic system for direct manipulation of 3-D bone fragment constructs (Figure 1) . Our user study revealed that the user friendliness and accuracy of simulated mandibular fracture repairs were superior to a CAD system. The results of the study confirm the notion that interfaces with haptic feedback allow surgeons to perform a mandibular fracture reduction more accurately than with a conventional CAD system in a short time frame (15 min). While both the haptic-based and CAD-based tools allowed surgery resident trainees to plan mandibular trauma repair in the three cases, the virtual surgical repair utilizing the haptic system was more consistent with the actual surgical outcome in all cases tested. The results achieved with the CAD system significantly differed from the actual postoperative results.
In this study, two of the three mandible fracture cases chosen for testing were in edentulous patients. Although measurements between cephalometric landmarks are useful and may be considered a proxy for fracture repair accuracy in edentulous patients, most mandible fractures do occur in patients who have some dentition. Aligning the occlusion between upper and lower teeth is a very important step in mandibular fracture repair; therefore, in such repair, it is a goal to haptically manipulate dentate mandibular fracture segments into precise occlusion with the maxilla. In the early stages of our software development, we concentrated on the user interface design and methods of haptically selecting, manipulating, and locking fractured bone segments with collision detection and force feedback. For this reason, this study featured two edentulous mandibular fracture cases.
Other studies have demonstrated that addition of haptic force feedback can enhance the realism of the surgical simulation experience [14] . Moreover, combined hapticvisual training modes have an advantage over either haptic or visual modes alone for tasks that have a force component, such as surgical simulation [15] . However, limitations to surgical training with a haptic feedback simulator were reported in one study; even though haptic feedback enabled a significant improvement in a laparoscopic suturing and knot-tying task with a higher learning rate, the surgeons reached a plateau after 5 h of training with the haptic device [16] . Recent work by Olsson et al. reported an immersive virtual environment setup with a colocated visuohaptic display and head-tracking capabilities [17] . Their system provides unimanual haptic feedback, secondary hand control for camera movement, and a "snap-to-fit" interaction technique that can assist the surgeon to find an optimal fit of bone fractures. One of the differences between Olsson et al.'s system [17] and the system described here is that ours supports bimanual interaction; empowering both hands improves spatial understanding of the objects and further enhances the similarity to the actual surgical experience. In addition, some commercial haptic devices, including versions of Sensable's Phantom (now sold as Geomagic Touch) and Force Dimension's Delta (Force Dimension; Nyon, Switzerland), are capable of providing 6-DOF forces and torques; for example, Salisbury et al. developed a 6-DOF haptic device designed for surgery-specific applications [18] .
The trade-off between haptic performance and model realism can result in an imperfect virtual environment, and thus an imperfect fracture repair plan. However, a purely mathematical approach to automatically find the proper fracture or occlusal alignment would also be prone to ambiguous results. An automatic alignment approach does not take advantage of the surgeon's more global perspective and judgment that is needed to find the best result among competing criteria. Therefore, we feel that integration of the interactive haptic virtual environment with some automatic methods will likely yield the best result in terms of clinical performance. One method to achieve this in future software development is to provide the surgeon with the numerical value of the cost function (metrics) as an additional source of information. Another method is to use the cost function to automatically "snap" a bone fragment or occlusion into place. It is expected that the automated function would only take place when the clinician has already moved the bone fragment(s) and/or occlusion close the desired fixation configuration. To calculate the cost function underlying these methods, we plan to implement the following in the future:
• Marking fracture and dental surfaces: The surgeon can "paint" the fracture surfaces and the surfaces of the teeth using the haptic devices in order to delineate the regions of interest, as proposed by Olsson et al. [17] .
With that information, we can generate a numerical value to evaluate whether the fracture surfaces fit together and the occlusion fits together.
• Utilize metrics to quantify quality of fit of the bony reduction and the dental occlusion: There are several ways to evaluate whether the degree of congruence between fracture fragments or between dental occlusal surfaces is close to the desired result. For example, one method is to try to maximize the area of the fractured surface in contact with another fractured surface. Another metric is to minimize the volume between the surfaces. Our aim is to combine these metrics to guide the surgeon in his or her task. Ultimately, we plan to make our visuohaptic system available online for remote access. Thus, surgeons could access the software to plan and simulate operations independent of their location. Semiautomated features could be integrated into the system to allow the surgeon to rehearse the procedure with expert feedback, especially for less common procedures, prior to the operation and thus shorten procedure times and improve outcomes. A virtual surgery system would also allow off-site surgeons, such as those in combat, to use a realistic and accurate virtual model of their own patient to plan and simulate an operation and evaluate multiple options remotely.
CONCLUSIONS
Our advanced haptic surgical planning system enabled surgeons to simulate mandibular fracture repair more accurately and with a better user experience than a CAD system. This tool potentially could allow medical students and residents to practice delicate operations and surgeons to plan and rehearse complex procedures and maintain their skills for infrequent operations. In the future, other traumatic injuries, such as in civilian or combat orthopedic and plastic surgery, could benefit from the virtual system and computational methods.
